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a  b  s  t  r  a  c  t
Cotton  fabric  (CF)  reinforced  geopolymer  composites  are  fabricated  with  ﬁbre  loadings  of  4.5,  6.2 and
8.3  wt%.  Results  show  that  ﬂexural  strength,  ﬂexural  modulus,  impact  strength,  hardness  and  fracture
toughness  are  increased  as  the  ﬁbre  content  increased.  The  ultimate  mechanical  properties  were  achieved
with a ﬁbre  content  of  8.3 wt%. The  effect  of water  absorption  on  mechanical  and  physical  properties  of  CFeywords:
eopolymer composites
icrostructures
echanical properties
ater absorption
reinforced  geopolymer  composites  is  also  investigated.  The  magnitude  of  maximum  water  uptake and
diffusion  coefﬁcient  is  increased  with  an increase  in ﬁbre content.  Flexural  strength,  modulus,  impact
strength,  hardness  and  fracture  toughness  values  are  decreased  as  a result  of water  absorption.  Scanning
electron  microscopy  (SEM)  is  used  to  characterise  the  microstructure  and  failure  mechanisms  of  dry  and
wet  cotton  ﬁbre reinforced  geopolymer  composites.
Crown  Copyright  © 2014  Production  and  hosting  by  Elsevier  B.V.  on  behalf  of The  Ceramic  Society  of. Introduction
Geopolymers are aluminosilicate inorganic polymers formed
y polymerisation of aluminosilicates with alkaline solutions.
eopolymers have several desirable attributes which include good
echanical properties and durability [1]. They are environmentally
riendly, being derived from natural materials, and because they
an be prepared at room temperature they do not emit the high
evels of carbon dioxide associated with the preparation of Port-
and cement [2,3]. However, despite their many desirable attributes
uch as relatively high strength, elastic modulus and low shrink-
ge, geopolymers suffer from brittle failure like most ceramics.
his limitation may  be readily overcome with ﬁbre reinforcement
s in high performance polymer–matrix composites. Hitherto, the
ost common ﬁbre reinforcements used in geopolymer compos-
tes have been based on carbon, basalt, glass and polyvinyl alcohol
bres [4–7].∗ Corresponding author. Tel.: +61 892667544; fax: +61 892662377.
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ehalf of The Ceramic Society of Japan and the Korean Ceramic Society. All rights
eserved.
ttp://dx.doi.org/10.1016/j.jascer.2014.05.005Japan and  the  Korean  Ceramic  Society.  All  rights  reserved.
Current concerns over the environment and climate change
have given rise to an increasing interest in replacing the synthetic
ﬁbres currently used in geopolymer composites or other brittle
matrices with natural plant ﬁbres [8,9]. The advantages of natu-
ral plant ﬁbres over traditional glass ﬁbres are low density, low
cost, biodegradability, acceptable speciﬁc properties, less wear dur-
ing processing and low energy consumption during extraction. The
wide variety of natural ﬁbres available locally is an added beneﬁt
to manufacturers the composites [10,11].
Natural ﬁbres have a few disadvantages when used as rein-
forcements, such as higher moisture absorption which brings about
dimensional changes thus leading to micro-cracking and poor
thermal stability. The moisture absorption by the composites con-
taining natural ﬁbres had several adverse effects on their properties
and affected their long-term performance. Water absorption can
lead to swelling of the ﬁbre, forming voids and micro-cracks at the
ﬁbre–matrix interface region which may  result in a reduction of
the mechanical properties and dimensional stability of compos-
ites [12–14]. Several studies in the use of natural ﬁbre reinforced
polymeric composites have reported that water molecules act as a
plasticiser agent in the composite material, which normally leads
to a decrease in the mechanical properties of the composites after
water absorption [15–17].
Moisture diffusion in composites may degrade mechanical
properties by three different mechanisms [18,19]. The ﬁrst mecha-
nism involves the diffusion of water molecules inside the micro
gaps between polymer chains. The second mechanism involves
capillary transport into gaps and ﬂaws at interfaces between ﬁbre
and matrix. The third mechanism involves swelling effects which
propagate microcracks in the matrix. In general, moisture diffusion
224 T. Alomayri et al. / Journal of Asian Ceramic Societies 2 (2014) 223–230
Table 1
Chemical analysis of cotton.
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n a composite depends on factors such as volume of ﬁbre, voids,
iscosity of matrix, humidity and temperature.
In order to promote the wider use of such materials in high-
erformance applications, it is essential to consider the effect
f moisture absorption and water uptake on their physical and
echanical properties. However, according to the best knowl-
dge of authors, no research was reported about the effect of
ater absorption on the mechanical properties of cotton fabric (CF)
einforced geopolymer composites. In this research, CF-reinforced
eopolymer composites with different ﬁbre contents (4.5, 6.2 and
.3 wt%) have been successfully fabricated. The effect of ﬁbre con-
ent on the mechanical properties has been investigated in terms
f ﬂexural strength, modulus, impact strength, hardness and frac-
ure toughness. The effect of water absorption on the mechanical
roperties of composites has also been studied as a function of
bre content. Scanning electron microscopy (SEM) has been used
o investigate the morphology, micro-structure and failure mech-
nisms of CF-reinforced geopolymer composites.
. Experimental procedure
.1. Materials
CF of 30 cm × 7.5 cm was used as a reinforcing material for the
abrication of geopolymer composites. The chemical composition
nd the physical properties of CF are shown in Tables 1 and 2 respec-
ively [20]. Low calcium ﬂy-ash (ASTM class F), collected from the
ollie power station in Western Australia, was used as the source
aterial of the geopolymer matrix. The chemical compositions of
y-ash are shown in Table 3. The alkaline activator for geopoly-
erisation was a combination of sodium hydroxide solution and
odium silicate grade D solution. Sodium hydroxide ﬂakes of 98%
urity were used to prepare the sodium hydroxide solution. The
hemical composition of sodium silicate solution was  14.7% Na2O,
9.4% SiO2 and 55.9% water by weight.
.2. Sample preparationTo prepare the CF-reinforced geopolymer composites the fabric
as initially pre-dried for 60 min  at 70 ◦C in an oven. A thin layer
f geopolymer matrix was spread into the wooden mould and the
rst layer of CF was laid upon it and fully impregnated (wet out)
able 2
roperties and structure of cotton fabric.
Fabric thickness (mm)  0.41
Fabric geometry Woven (plain weave)
Yarn nature Bundle
Filament size (mm)  0.0413
Number of ﬁlaments in a bundle 24
Bundle diameter (mm)  0.23
Opening size (mm)  0.5
Fabric density (g/cm3) 1.6
Tensile strength (MPa) 287–597
able 3
hemical composition of ﬂy-ash.
SiO2 Al2O3 Fe2O3 CaO MgO  SO3 Na2O K2O LOI
50% 28.25% 13.5% 1.78% 0.89% 0.38% 0.32% 0.46% 1.64%uloses and pectin (%) Proteins (%) Waxes and fats (%)
0–1.5 0.5–1
with geopolymer paste with a roller before placing the next layer.
This process was  repeated for the desired number of cotton ﬁbre
layers. In each specimen, the ﬁnal layer was geopolymer matrix.
Pure samples of geopolymer were prepared as controls by slowly
adding dry ﬂy ash to the alkaline solution in a Hobart mixer until
the mixture became homogeneous. This was then poured into a
wooden mould. The alkaline solution to ﬂy-ash ratio was  kept at
0.35, and the ratio of sodium silicate solution to sodium hydroxide
solution (8 M concentration) was ﬁxed at 2.5.
After casting, each sample was pressed with a 20 kg load for 5 h,
after which the specimens were covered with plastic ﬁlm cured at
80 ◦C in an oven for 24 h and then allowed them to cool down to
laboratory conditions before being removed from the mould. Then
rectangular bars with dimensions of 80 mm × 20 mm × 20 mm  for
both dry and wet conditions were prepared.
2.3. Water absorption test
The composite specimens used for moisture absorption test
were immersed in a water bath at room temperature for longer
period to reach equilibrium. At regular intervals, the specimens
were taken out from the water and wiped with ﬁlter paper to
remove surface water and weighed with digital scale (AA-200, Den-
ver Instrument Company, USA). The samples were re-immersed in
water to permit the continuation of sorption until saturation limit
was reached after 133 days. The weighing was done within 30 s, in
order to avoid the error due to evaporation. The percentage of the
water content (Mt) was determined using the following equation
[21]:
Mt (%) =
(
Wt − Wo
Wo
)
× 100 (1a)
where Wt is the weight of the sample at time t and Wo is the initial
weight of the sample.
The water absorption behaviour in the samples can be studied as
Fickian behaviour. Therefore, the following formula has been used
[21,22]:
Mt
M∞
= 4
(
Dt
h2
)1/2
(1b)
where Mt is the water content at time t, M∞ is the equilibrium water
content, D is the diffusion coefﬁcient and h is the sample thickness.
2.4. Mechanical testing
2.4.1. Flexural strength and modulus
Rectangular bars with a length of 40 mm  were cut from the fully
cured samples and subjected to three-point bend tests to evalu-
ate their ﬂexural strength and modulus. A LLOYD Material Testing
Machine (50 kN capacity) with a displacement rate of 1.0 mm/min
was employed to perform the tests. In total, ﬁve specimens of each
composition were tested. The ﬂexural strength (F) was deter-
mined using the following equation:
F =
3 PmS (2)
2 BW2
where Pm is the maximum load at crack extension, S is the span of
the sample, B is the specimen width and W is the specimen thick-
ness or depth. The ﬂexural modulus was computed using the initial
n Ceramic Societies 2 (2014) 223–230 225
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15.8, 19.7 and 28.1 MPa  due to the addition of 4.5, 6.2 and 8.3 wt%
CF, respectively. This enhancement in ﬂexural strength of CF-
reinforced geopolymer composites is due to the ability of natural
Table 4
Maximum water uptake and diffusion coefﬁcient (D) of CF/geopolymer composites.
Sample CF content (wt%) M∞ (%) D × 10−6 (mm2/s)T. Alomayri et al. / Journal of Asia
lope of the load–displacement curve, P/X, using the following
ormula:
F =
S3
4WD3
(
P
X
)
(3)
.4.2. Impact strength
A Zwick Charpy impact tester with a 1.0 J pendulum hammer
as employed to determine the impact strength. For each compo-
ition, ﬁve bars of 40 mm length were tested. The impact strength
i) was calculated using the following equation:
i =
E
A
(4)
here E is the impact energy required to break a sample with a
igament of area A.
.4.3. Rockwell hardness
The hardness of geopolymer composites was  measured using
n Avery Rockwell hardness tester at hardness scale H. Before mea-
urement, the surfaces of test samples were polished using a Struers
edimat polisher, ﬁnishing with 10 m grade diamond paste.
.4.4. Fracture toughness
Rectangular bars of 80 mm in length with a cross-sectional
imension of 20 mm × 20 mm were used in fracture toughness
easurements. Subsequently, a crack with a length to thickness
depth) (a/W) ratio of 0.4 was introduced in each specimen by
eans of a 0.4 mm diamond blade. The fracture toughness (KIC)
as calculated using the equation proposed by Low et al. [23]:
IC =
pmS
BW3/2
f
(
a
W
)
(5a)
here Pm is the maximum load at crack extension, S is the span
f the sample, B is the specimen width, W is the specimen thick-
ess (depth), a is the crack length and f(a/W) is the polynomial
eometrical correction factor given by the equation below [23]:
(
a
W
)
= 3(a/W)
1/2[1.99 − (a/W)(1 − a/W) × (2.15 − 3.93a/W +
2(1 + 2a/W)(1 − a/W)3/2
.5. Microstructure examination
SEM was carried out using a Tescan Lyra SEM machine. The SEM
nvestigation was performed in detail on the fractured surfaces of
he composites. In order to avoid charging, the specimens were
oated with a thin layer of gold before observation.
. Results and discussion
The results obtained from this experimental study can be
ivided into two parts. The ﬁrst part considers water absorption
ehaviour of CF-reinforced geopolymer composites and the sec-
nd evaluates the effects of water absorption at room temperature
n the mechanical properties.
.1. Water absorption behaviour
Fig. 1 shows the percentage of water uptake as a function of
quare root of time of geopolymer composite samples reinforced
ith 0, 4.5, 6.2 and 8.3 wt% CF due to immersion in tap water for
33 days at room temperature. It can be seen that the water absorp-
ion increases with increase in ﬁbre contents. The increase in water
bsorption is due to the hydrophilic nature of natural ﬁbre and
he greater interfacial area between the ﬁbre and the matrix [15].
he maximum water uptake and the diffusion coefﬁcient values
ncreased for all composite specimens as the cotton ﬁbre content2/W2)]
(5b)
Fig. 1. Water absorption behaviour of cotton ﬁbre-reinforced geopolymer compos-
ites.
increased (see Table 4). The water absorption of all specimens was
high in the early stages of exposure, after which it slowed down
and reached saturation level after prolonged time, following a Fick-
ian diffusion process. The initial rate of water absorption and the
maximum water uptake increase, as the ﬁbre loading increases in
all natural ﬁbre composite samples [15]. This phenomenon can be
explained by considering the water uptake characteristics of cotton
ﬁbre. When natural ﬁbre-reinforced composite is exposed to mois-
ture, the hydrophilic nature of ﬁbre, in this case cotton, causes the
ﬁbre to absorb water and swell. As a result, micro-cracking of the
geopolymer composite occurs. The high cellulose content in cot-
ton ﬁbre absorbs extra water that penetrates the interface through
these micro-cracks, creating swelling stresses that lead to compos-
ite failure [24]. The more the composite cracks, the more capillarity
and transport via micro-cracks become active. The capillary mech-
anism involves the ﬂow of water molecules along ﬁbre–matrix
interfaces and diffusion through the bulk matrix. Water molecules
actively attack the interface, resulting in de-bonding of the ﬁbre
and the matrix [15].
3.2. Effect of water absorption on mechanical properties
The effect of water absorption on the mechanical properties of
CF-reinforced geopolymer composites was  investigated after pla-
cing specimens in water for 133 days at room temperature and
comparing them with samples of the same composites kept in dry
conditions.
3.2.1. Flexural strength
The effect of ﬁbre content on the ﬂexural strength of dry CF
reinforced geopolymer composites is shown in Fig. 2. In dry con-
dition, the ﬂexural strength increased as ﬁbre content increased.
The ﬂexural strength of neat geopolymer increased from 8.3 toGeopolymer (GP) 0 4.72 4.26
CF/GP1 4.5 11.74 5.42
CF/GP2 6.2 17.98 6.16
CF/GP3 8.3 22.32 8.4
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mig. 2. Flexural strength of geopolymer composites in dry and wet  conditions.
bre to resist bending forces and good stress transfer from the
atrix resulting in improve strength properties [25].
The effect of water absorption on ﬂexural strength of CF rein-
orced geopolymer composites is also shown in Fig. 2. It can be
een that the ﬂexural strength of composites decreased markedly
fter water absorption. Compared to the dry composites, the ﬂex-
ral strength of the composites reinforced with 4.5, 6.2 and 8.3 wt%
F deceased from 15.8, 19.7 and 28.1 to 9.3, 13.4 and 21.4 MPa,
espectively. This could be due to the fact that the immersion of
he composite samples in water affects the interfacial adhesion
etween ﬁbre and matrix and creates de-bonding, leading to a
ecrease in mechanical properties. When the ﬁbre–matrix inter-
ace was accessible to moisture in the environment the cotton ﬁbres
welled. This resulted in the development of shear stress at the
nterface, and led to the ultimate de-bonding of the ﬁbres, delami-
ation and loss of structural integrity [26].
Water absorbed in polymers is generally as either free water or
ound water as reported by Azwa et al. [27] (see Fig. 3). Water
olecules which are relatively free to travel through the micro
oids and pores are identiﬁed as free water, while those dispersed
n the polymer matrix and attached to the polar groups of the poly-
er  are designated as bound water [28]. In a wet environment,
Fig. 4. Effect of water on ﬁbreFig. 3. Free water and bound water in polymer matrix [27].
water molecules penetrate in natural ﬁbre-reinforced composite
through micro-cracks and reduce interfacial adhesion of ﬁbre with
the matrix. This causes swelling of the ﬁbres, which may  create
micro-cracks in the matrix and may  eventually lead to debonding
between the ﬁbre and the matrix [27]. A schematic illustration of
this process is presented in Fig. 4.
Dry cotton ﬁbre constructed from ﬁbrils of cellulose is fairly stiff
and rigid. The cellulose molecules are held tightly together inside
the ﬁbrils by bonds established between molecules lying closely
alongside one another. Water, however, can penetrate this cellu-
lose network and move into the capillaries and spaces between the
ﬁbrils. In this situation, water molecules tend to force the cellulose
molecules apart, reducing the forces that hold them together and
destroying their rigidity, because water acts as a plasticiser and per-
mits the cellulose molecules to move. Consequently the mass of the
cellulose is softened, and this changes the dimensions of the ﬁbre
under applied force [15,16]. According to Ray and Rout [29], water
molecules attract the hydrophilic groups of natural ﬁbres and react
with the hydroxyl groups ( OH) of the cellulose molecules to form
hydrogen bonds. A schematic illustration of moisture absorption
by natural ﬁbres is presented in Fig. 5.3.2.2. Flexural modulus
The ﬂexural modulus values of different cotton ﬁbre reinforced
geopolymer composites in dry and wet  conditions are shown in
–matrix interface [27].
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ig. 6. In the dry samples, the ﬂexural modulus increased as the ﬁbre
ontent increased. The addition of 4.5, 6.2 and 8.3 wt%  CF increased
he ﬂexural modulus from 0.87 to 1.23, 1.4 and 1.74 GPa, respec-
ively, compared to pure geopolymer: thus, an increase in the ﬁbre
ontent of the composite material resulted in an increase in ﬂex-
ral modulus. The improvement in ﬂexural modulus is believed to
e due to the higher initial modulus of the natural ﬁbres acting as
ackbones in the composites [30,31]. This is supported by earlier
tudies, which have reported signiﬁcant increases in the ﬂexural
odulus of natural ﬁbre-reinforced polymer composites. For exam-
le, Ma  et al. [32] reported that the ﬂexural modulus of winceyette
bre-reinforced thermoplastic starch composites increased from
5 MPa  for neat resin to approximately 140 GPa as the ﬁbre content
ncreased from 0% to 20%.
The inﬂuence of water absorption on the ﬂexural modulus
f CF reinforced geopolymer composites is also shown in Fig. 6,
hich shows a considerable decrease in the ﬂexural modulus of
he wet samples when compared to the dry samples. The reason
or this is that in the wet samples absorbed water molecules and
educed the intermolecular hydrogen bonding between cellulose
olecules in the ﬁbre and established intermolecular hydrogen
onding between the cellulose molecules and water molecules
n the ﬁbre, thereby reduced the interfacial adhesion between
he ﬁbre and the matrix and resulting in decreased ﬂexural
odulus [15]. Fig. 7 illustrates the typical ﬂexural stress–strain
urves for geopolymer composites before and after being placed
n water. It can be observed that the maximum stress in dry
omposite signiﬁcantly decreased after immersion in water for a
ig. 6. Flexural modulus of geopolymer composites in dry and wet  conditions.Fig. 7. Typical stress–strain curves of geopolymer composites in dry and wet con-
ditions.
prolonged period. This drop can be attributed to degradation in the
ﬁbre–matrix interfacial bonding caused by the water absorption
[11].
3.2.3. Impact strength
Impact strength is an important property that gives an
indication of overall material toughness. Impact strength of ﬁbre-
reinforced polymer is governed by the matrix–ﬁbre interfacial
bonding, and the properties of both matrix and ﬁbre. When the
composites undergo a sudden force, the impact energy is dis-
sipated by the combination of ﬁbre pullouts, ﬁbre fracture and
matrix deformation [10]. Normally in ﬁbre-reinforced polymer
composites, the impact strength increases as ﬁbre content increases
because of the increase in ﬁbre pull out and ﬁbre breakage [33].
The effect of ﬁbre contents on the impact strength of dry and wet
cotton ﬁbre-reinforced geopolymer composites is shown in Fig. 8.
It can be seen that impact strength signiﬁcantly increased as the
CF content increased in dry composites. The presence of CF layers
in the matrix increases the ability of these composites to absorb
impact energy. In dry conditions, the addition of CF with contents
of 4.5, 6.2 and 8.3 wt% increases the impact strength from 1.9
to 6.2, 8.5 and 13.4 KJ/m2, respectively compared to unreinforced
geopolymer. Similar remarkable improvements in impact strength
were reported by Graupner [24], who  observed that the addition of
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the maximum peak load of dry composite signiﬁcantly decreased
after immersing in water for a prolonged period. The areas underFig. 8. Impact strength of geopolymer composites in dry and wet conditions.
otton ﬁbre increased the impact strength of pure poly(lactic acid)
atrix. He concluded that the increase was due to greater elon-
ation of cotton ﬁbres at break. Fibres containing much cellulose
enerally have high elongation at break values. Cotton has a cel-
ulose content of about 88–96%. Elongation at break and impact
trength are directly correlated. The high elongation at break of
otton ﬁbres increased the elongation at break in the composites,
eading to higher impact strength.
However, impact strength is adversely affected by water absorp-
ion. The decrease in impact properties after water immersion can
e related to the weak ﬁbre–matrix interface, which resulted in a
eduction of the mechanical properties and dimensional stability
f composites [14].
.2.4. Hardness
The effect of cotton ﬁbre contents on the hardness of the cot-
on ﬁbre-reinforced geopolymer composites is presented in Fig. 9.
he hardness of geopolymer composites reinforced with 4.5, 6.2
nd 8.3 wt% CF increased from 65.5 to 87.22, 92.32 and 86.4 HRH,
espectively relative to the neat geopolymer. This enhancement in
ardness is caused by the distribution of the test load on the ﬁbres,
hich decreased the penetration of the test ball on the surface of
he composite material and consequently improved the hardness
f this material [34].
However, hardness is affected by water absorption, as shown
n Fig. 9. Hardness decreases in all cotton ﬁbre-reinforced samples
n wet condition, and is associated with the weakening of inter-
ace between the geopolymer matrix and the cotton ﬁbre caused
y the water absorption. This decrease has been reported by other
esearchers working with natural ﬁbre-based composites. Dhakal
t al. [35] reported that as water absorption increased, the hardness
f ﬂax ﬁbre-reinforced composites decreased, and found that the
eformation depth increased for water-immersed specimens com-
ared to dry ones, due to the hydrophilic nature of the ﬁbres, and
ventually led to the formation of a weak ﬁbre–matrix interface. In
Fig. 9. Hardness of geopolymer composites in dry and wet  conditions.Fig. 10. Fracture toughness of geopolymer composites in dry and wet conditions.
the case of cotton ﬁbre-reinforced geopolymer composites when
water uptake reaches saturation level, the bound water and the
free water remain in the composite as a reservoir. This leads to
softening of the ﬁbres and weakening of the ﬁbre matrix adhesion,
resulting in reduced material properties.
3.2.5. Fracture toughness
The effect of cotton ﬁbre contents on the facture toughness of
geopolymer composites is presented in Fig. 10. The addition of cot-
ton ﬁbre gradually increased the fracture toughness of CF reinforced
geopolymer composites compared to net geopolymer. Cotton ﬁbres
play a signiﬁcant role in enhancing the facture toughness of the
matrices through several energy-absorbing characteristics such
as ﬁbre rupture, ﬁbre–matrix interface debonding, ﬁbre pull-out
and ﬁbre-bridging, which slow crack propagation and therefore
increase the fracture energy [36–40]. The fracture toughness of
geopolymer reinforced with 4.5, 6.2 and 8.3 wt% CF increased from
0.57 to 1.09, 1.27 and 1.58 MPa  m1/2, respectively compared to neat
geopolymer. This signiﬁcant enhancement in facture toughness at
higher CF content is due to extensive ﬁbre pull-out, ﬁbre fracture
and ﬁbre-bridging of cotton ﬁbres.
The effect of water absorption on fracture toughness of CF-
reinforced geopolymer composites is also shown in Fig. 10. The
fracture toughness for all wet  composites considerably decreased
compared to the dry composites, as a result of the severe dam-
age to ﬁbre structure and interfacial bonding between the cotton
ﬁbre and the geopolymer matrix caused by the absorbed water.
Typical load–displacement curves for the composites before and
after immersion in water are shown in Fig. 11. It can be seen thatthe curve indicate that the wet  composite achieved lower frac-
ture toughness than the dried composite. This reduction can be
Fig. 11. Typical load–displacement curves of geopolymer composites in dry and wet
conditions.
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xplained as the effect of moisture absorption causing swelling
f ﬁbres, which creates micro-cracks in the sample, leading to
ower fracture toughness [24]. In addition, water molecules diffuse
nto the ﬁbre–matrix interfaces through these micro-cracks, which
ause debonding of the ﬁbres and thus weakens the ﬁbre–matrix
nterface [14].
The reduction in fracture toughness can be attributed to internal
ore water pressure which developed in the limited pore spaces
f the wet geopolymer composites. Water does not move into a
ore when adjacent pores are completely ﬁlled with water. As
 result, a very high disjoining pressure is produced due to the
apillary action, leading to early crack propagation under exter-
al loading. The fracture resistance of wet geopolymer composites
hus becomes lower than that of dry composites [41].
The microstructures of dry and wet composites reinforced
ith 8.3 wt% CF are shown in Fig. 12a–d. Fig. 12a and b shows
evere matrix cracking and degradation of the interfacial adhesion
etween the ﬁbres and the matrix in wet composites characterised
y the appearance of gap between ﬁbre and matrix. Water pene-
rates into the cotton ﬁbre bundle and causes the breaking down
f the composite ﬁbre bundle into ﬁner ﬁbrils due to decrease in
undle coherence when subjected to ﬂexural loads, as shown in
ig. 12a. It can also be observed extensive ﬁbre pull-out and no
vidence or traces of matrix adhering to the ﬁbre which are an
ndication of poor ﬁbre–matrix adhesion as shown in Fig. 12c of
et composite. In contrast, prior to exposure to water, SEM micro-
raphs showed almost no ﬁbre pull-out, undamaged ﬁbre bundle
nd small pieces of geopolymer paste were attached to the ﬁbre
urface of cotton ﬁbre. These observations are indicative of strong
ond between the ﬁbres and the matrix in dry composite as shown
n Fig. 12d.brils, (b) matrix cracking, (d) ﬁbre pull-out and (c) small pieces of matrix attached
4. Conclusions
CF reinforced geopolymer composite has been fabricated and
the effect of water absorption on the mechanical properties of the
composite is evaluated. The presence of CF layers in the geopolymer
composite signiﬁcantly increased all mechanical properties (e.g.,
ﬂexural strength, ﬂexural modulus, impact strength, hardness and
fracture toughness) compared to un-reinforced geopolymer. This
remarkable enhancement is due the unique properties of cotton
ﬁbre in withstanding the bending force and resisting fracture force
compared to brittle geopolymers.
However, cotton ﬁbres are hydrophilic in nature and hence
have a poor resistance to water absorption. The water absorp-
tion of CF-reinforced geopolymer composites at room temperature
was found to increase with increasing ﬁbre content. Exposure to
moisture for an extended period causes a reduction in ﬂexural
strength, ﬂexural modulus, impact strength, hardness and frac-
ture toughness. A plausible explanation for this would be that
bonding at the ﬁbre–matrix interfaces is degraded as a result
of water absorption. SEM micrograph of fractured wet  com-
posite also showed damage of cotton ﬁbre–geopolymer matrix
interface and damage of cotton thread into ruptured cotton
ﬁbrils.
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